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ABSTRACT
The origin of rapid neutron capture (r-process) nuclei remains one of the longest stand-
ing mysteries in nuclear astrophysics. Core collapse supernovae (SNe) and neutron star binary
mergers are likely r-process sites, but little evidence yet exists for their in situ formation in
such environments. Motivated by the advent of sensitive new or planned X-ray telescopes
such as the Nuclear Spectroscopic Telescope Array (NuSTAR) and the Large Observatory for
X-ray Timing (LOFT), we revisit the prospects for the detection of X-ray decay lines from
r-process nuclei in young or nearby supernova remnants. For all remnants planned to be ob-
served by NuSTAR (and several others), we conclude that r-process nuclei are detectable only
if the remnant possesses a large overabundance O ∼> 103 relative to the average yield per SN.
Prospects are better for the next Galactic SN (assumed age of 3 years and distance of 10 kpc),
for which an average r-process yield is detectable via the 10.7(9.2) keV line complexes of
194Os by LOFT at 6σ(5σ) confidence; the 27.3 keV line complex of 125Sb is detectable by
NuSTAR at 2 σ for O ∼> 2. We also consider X-rays lines from the remnants of Galactic
magnetars, motivated by the much higher r-process yields of the magneto-rotationally driven
SNe predicted to birth magnetars. The ∼ 3.6-3.9 keV lines of 126Sn are potentially detectable
in the remnants of the magnetars 1E1547.0-5408 and 1E2259+586 by LOFT for an assumed
r-process yield predicted by recent simulations. The (non-)detection of these lines can thus
probe whether magnetars are indeed born with millisecond periods. Finally, we consider a
blind survey of the Galactic plane with LOFT for r-process lines from the most recent bi-
nary neutron star merger remnant, concluding that a detection is unlikely without additional
information on the merger location.
Key words: X-rays: nuclear reactions, nucleosynthesis, abundances, supernovae: supernovae
remnants, neutron star: mergers
1 INTRODUCTION
Nucleosynthesis via neutron capture is responsible for essen-
tially all naturally occurring isotopes above the iron group
(Burbidge et al. 1957; Cameron 1957). Roughly half of these can
be accounted for via the rapid (r) process, in which heavy nu-
clei are produced by capturing neutrons on a timescale shorter
than their beta-decay lifetime. Although the basic physics of the
r-process has been understood for over half a century, its astro-
physical origin remains a mystery (see Qian & Wasserburg 2007;
Arnould et al. 2007; Thielemann et al. 2011 for recent reviews).
In particular, direct and definitive evidence for the in situ pro-
⋆ E-mail: bmetzger@phys.columbia.edu
duction of r-process elements is currently lacking (although see
Berger et al. 2013; Tanvir et al. 2013).
The two main candidates for the site of the r-process
are core collapse supernovae (SNe) (e.g. Meyer et al. 1992;
Takahashi et al. 1994; Woosley et al. 1994) and neutron star bi-
nary mergers (e.g. Lattimer & Schramm 1974; Freiburghaus et al.
1999; Korobkin et al. 2012; Ferna´ndez & Metzger 2013). Evidence
based on the abundances of r-process elements in metal-poor
stars suggests that SNe contribute at least some of the r-process
(e.g. Mathews et al. 1992; Ishimaru & Wanajo 1999; Qian 2000;
Argast et al. 2004), especially early in the chemical evolution of
the Galaxy. However, current calculations of nucleosynthesis in
proto-neutron star winds fail to produce a sufficient quantity of
heavy (mass number A ∼> 130) r-process elements to account for
their solar abundances (Thompson et al. 2001; Roberts et al. 2010;
c© 2012 RAS
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2013). One important exception are the magneto-rotationally
driven SNe that may give birth to neutron stars with especially
rapid rotation and strong magnetic fields (‘millisecond magne-
tars’), which calculations show produce a much larger quantity
of r-process material than is possible in normal SNe (Thompson
2003; Metzger et al. 2008; Ono et al. 2012; Winteler et al. 2012).
Neutron star binary mergers undoubtedly contribute to the Galactic
r-process at some level, but whether they are the dominant produc-
tion channel remains unknown due to the uncertain Galactic rate of
mergers (Kim et al. 2004).
Most freshly synthesized r-process elements are radioactive.
As pointed out by Qian et al. (1998), the detection of gamma-rays
from decaying r-process nuclei in young SN remnants is a poten-
tially promising probe of their origin (see also Qian et al. 1999).
Decay lines from the [non r-process] isotope 44Ti have been de-
tected in SN remnants Cas A (Vink et al. 2001; Renaud et al. 2006)
and 1987A (Grebenev et al. 2012), with the 44Ti mass estimated
to be ∼ 3 × 10−4 M⊙. The biggest challenge in detecting r-process
elements in SN remnants is that their expected abundances are typ-
ically at least four orders of magnitude smaller, assuming that the
r-process is produced in equal quantity in all core collapse events.
In this paper we revisit the estimates of Qian et al. (1998), but
with a focus on X-ray (∼< 80 keV) instead of gamma-ray lines. We
are motivated by the recent launch of the Nuclear Spectroscopic
Telescope Array (NuSTAR; Harrison et al. 2013), which has un-
precedented sensitivity to X-ray line emission beyond the ∼ 10 keV
high-energy cutoff achieved by previous instruments. We are also
motivated by planned future instruments, such as the Large Ob-
servatory for X-ray Timing (LOFT; Feroci et al. 2012), the Large
Area Detector (LAD) onboard which promises an effective area
up to ∼ 10 m2 in the ∼ 2 − 30 keV spectral window. Also un-
like Qian et al. (1998), our search includes decay lines from A ∼ 90
light element primary process [LEPP] elements, since current mod-
els predict a sizable yield of these elements in supernova remnants,
even if the r-process itself is not achieved (Roberts et al. 2010;
Arcones & Montes 2011; Martı´nez-Pinedo et al. 2013).
This paper is organized as follows. In §2 we describe our
strategy for systematically searching through the decay lines of
r-process nuclei across the periodic table, calculating their X-ray
flux, and assessing their detectability. In §3 we describe three
scenarios for searching for r-process lines: (1) individual known
Galactic SN remnants, assuming an equal r-process yield per SN
(§3.1); (2) SN remnants hosting magnetars, assuming a much larger
r-process yield, as may be produced in magneto-centrifugally
driven SNe (§3.2); (3) a survey of the Galactic plane for the most
recent neutron star merger remnant (§3.3). In §4 we present our re-
sults for the most promising X-ray lines for each scenario. In §5 we
discuss our results and summarize our conclusions.
2 X-RAY LINES FROM THE DECAY OF R-PROCESS
NUCLEI
Nuclei produced by the r-process decay mainly through a chain of
β-decays, in some cases fed by the fission of long lived trans lead
nuclei, to the (chiefly stable) r-process elements observed in the
Galaxy today. In our analysis we consider elements on the neutron
rich side of the valley of stability as possible r-process parent el-
ements. We focus on parents that decay solely via beta decay; our
search thus excludes heavier r-process parents with atomic number
A > 209 (Qian et al. 1999).
Table 1. r-process isotopes and their parent nuclei in our sample
Daughter X⊙ (a) χ(b) Parent τ(c)
(yr)
99Ru 5.94 × 10−10 0.169 99Tc 3.04 × 105
125Te 1.06 × 10−9 0.274 125Sb 3.98
126Te 2.87 × 10−9 0.541 126Sn 3.32 × 105
129Xe 4.21 × 10−9 0.124 129I 2.27 × 107
137Ba 1.76 × 10−9 0.174 137Cs 43.4
151Eu 1.78 × 10−10 0.044 151Sm 1.39 × 102
155Gd 1.91 × 10−10 0.046 155Eu 6.86
182W 1.62 × 10−10 0.019 182Hf 1.29 × 107
194Pt 2.16 × 10−9 0.423 194Os 8.66
(a) Solar mass fraction of daughter isotope (Anders & Grevesse 1989). (b) Fraction of daughter iso-
tope produced via r-process (Arlandini et al. 1999). (c) Lifetime of parent isotope.
For r-process isotopes to be present in an appreciable abun-
dance in the remnant, the half-lives of the parent nuclei must be
comparable or longer than the age of the system. In young super-
nova remnants, the decay time must also be longer than the time
it takes for the ejecta to become transparent to the X-ray line in
question. At a minimum, the ejecta must be transparent to Thom-
son scattering, as typically occurs after a timescale of a few years.
Even a single scattering (optical depth of unity) is not permitted,
since the energy shift due to the in-elasticity of the scattering pro-
cess, ∆ǫX/ǫX ∼ ǫX/mec2 ∼> 0.03, generally exceeds the intrinsic line
width due to the Doppler shift of the expanding ejecta and the en-
ergy resolution of the X-ray detector. For soft X-rays ǫX ∼< 10 keV,
bound-free absorption by e.g., iron, also suppresses the escape of
X-rays for up to a decade or longer. Young supernovae remnants
are also strong sources of soft X-ray synchrotron emission, rep-
resenting a challenging background to overcome (§2.2). For these
reasons we focus on isotopes with decay X-ray of ǫX ∼> 10 keV
when considering especially young remnants.
Table 1 provides the sample of r-process parent elements
used in our analysis. These were selected from the LBNL Isotope
database1 for r-process nuclei with half-lives of greater than three
years, X-ray lines with energies ǫX < 80 keV, and of atomic mass
A < 209. We note that the decay times τ for some isotopes, par-
ticularly those with especially long decay times, are uncertain up
to a factor of a few, which results in a similar uncertainty in our
calculations.
2.1 Ejecta Mass per Supernova or Merger Event
Assuming that either core collapse SNe or neutron star binary
mergers are the dominant source of r-process nuclei in the Galaxy,
then the average mass of a given element produced per such event
can be estimated as (Qian et al. 1998; Qian et al. 1999)
〈Mr〉 ≈ X⊙MGχRτG
(1)
where X⊙ is the solar mass fraction of the daughter element, MG ≈
1011 M⊙ and τG ≈ 1010 years are respectively the stellar mass and
age of the galaxy, R is the Galactic event rate (SNe or merger),
and χ is the fraction of the daughter element that results from the
r-process (as opposed to other nucleosynthetic channels, e.g. the
s-process). Equation (1) is a good approximation provided that the
1 http://ie.lbl.gov/toi.html
c© 2012 RAS, MNRAS 000, 1–??
X-ray lines from r-process nuclei 3
lifetime of the isotope in question is much shorter than the age of
the solar system and of the Galaxy, as is always well satisfied.
If the quantity of the nuclei produced in a SN or merger can be
constrained by observations to be less than 〈Mr〉, then this begins
to place interesting constraints on the production of such elements
in the site of interest. Equation (1) thus represents our ‘figure of
merit’ when assessing the detectability of a given X-ray line signal.
2.2 X-ray Flux from a SN or Merger Remnant
For each X-ray line of energy ǫX produced by the decay of the r-
process element r, the fiducial value of the X-ray line flux from the
SN or merger remnant is given by
〈 ˙NX〉 = fX 〈M
r〉
AMu
e−t/τ
4πd2τ (2)
where fX is the fraction of decays that release a photon at energy
ǫX, AMu is the mass of the parent nucleus, τ is the lifetime of the
parent nucleus, and d is the distance to the supernova/neutron star
merger, and 〈Mr〉 is the total mass of the r-process isotope (eq. [1]).
Everything else being equal, the flux 〈 ˙NX〉 is maximal for an isotope
with a decay time equal to the age of the system (τ = t). Note
that we do not expect the X-ray line to be resolved, because the
energy resolution of NuSTAR or LOFT exceeds the expected line
width ∆ǫX/ǫX ∼ v/c ∼< 0.02 as set by the Doppler broadening to the
outwardly expanding ejecta, where v ∼< 6, 000 km s−1 is the velocity
of the supernova or merger ejecta at the time of observation2 .
The ‘Galactic average’ line flux in equation (2) is insufficient
for a detection in most scenarios that we consider. We nevertheless
scale the actual line flux ˙NX to this value according to
˙NX = O〈 ˙NX〉, (3)
where O ≡ Mr/〈Mr〉 is the ‘overabundance’, which we define as
the ratio of the actual mass of the r-process element synthesized Mr
relative to its average yield per SN or merger event 〈Mr〉 (eq. [1]).
Hence O can be > 1 or < 1, depending on whether the isotope
in question is over- or under-abundant relative to the averaged ex-
pected yield per SN or merger event.
2.3 Quantifying Detection Confidence
We approximate the ratio of signal to noise required for detection
of an X-ray line by the statistical method known as student’s t-test.
The t-statistic for detecting the line flux (signal) over the random
fluctuation of the background (noise) is estimated as follows (see
Appendix A for a detailed derivation)
tX(O) =
˙NX
√
AXT√
˙NX + 2νX
(4)
where ˙NX is the signal flux, νX is the rate of detector noise, AX is the
effective area of the detector at energy X, and T is the observation
duration. The instrumental noise νX and effective areas for NuS-
TAR and LOFT were estimated from Harrison et al. (2013) (their
Table 2 and Figs. 2 and 10) and Belloni & Bozzo (2012) (their Ta-
ble 1 and Figure 3), respectively. When lines of the same isotope
2 Although the velocity of the ejecta from a neutron star binary merger is
initially significantly higher (v ∼> 0.1c), by now the ejecta will have slowed
to v ≪ few 103 km s−1.
have energies that overlap within the energy resolution of the in-
strument, they are combined into a single flux for purposes of cal-
culating their signal. The energy resolution for NuSTAR and LOFT
were obtained from Table 2 of Harrison et al. (2013) and Table 2 of
Belloni & Bozzo (2012), respectively. Our calculation of the flux
and background also accounts for the relative angular size θ2 of
the r-process source relative to the field of view (FoV) Θ2 of NuS-
TAR or LOFT. If the FoV is smaller than the angular size of NuS-
TAR/LOFT, then the total flux ˙NX is suppressed by a factor θ2/Θ2;
we thus assume that r-process flux is uniform across the solid an-
gle of the remnant. Likewise, if the angular size of the source was
smaller than the FoV, then the background counts νX is suppressed
by Θ2/θ2 relative to its total across the entire FoV.
The t-statistic tX for each line corresponds to the probability
CX (‘confidence value’) that the measured photon flux over the ob-
servation is due entirely to random background fluctuations. The
complementary probability PX = 1 − CX corresponds to the ob-
served X-ray flux not being due to random noise, i.e. a detection.
In most cases we express our results in terms of the overabundance
O (eq. [3]) required for each line in order to to achieve a chosen
value PX ∼ 0.95, corresponding to a moderately high (2σ) detec-
tion confidence.
Our analysis only takes into account detector noise νX , but
does not account for other astrophysical backgrounds such as the
X-ray continuum of the SN remnant itself. Essentially all Galactic
SNRs less than 2000 years old produce synchrotron X-ray emis-
sion (Reynolds 2008). However, usually the synchrotron spectrum
reaches a peak at high energy ǫX ∼ few keV and decreases as a
power law or steeper at higher energies (e.g. Patnaude & Fesen
2009; Matheson & Safi-Harb 2010; Sturm et al. 2010). In SN
1987A, for instance, the continuum X-ray flux at energies > 10 keV
under consideration is ∼< 10−4cts cm−1 s−1 keV−1, which is smaller
than the instrument noise for NuSTAR and LOFT. Thus, given the
caveat that continuum emission may provide an additional obstacle
to detection in some systems, equation (4) nevertheless provides a
rough optimistic check on the feasibility of detecting a single X-
ray line using a telescope with characteristic noise νX . In the case
of magnetar remnants, one must also be able filter out X-rays from
the magnetar itself, as is usually possible if the angular resolution
of the detector is smaller than the size of the remnant or if the ob-
servations are taken when the magnetar is in quiescence.
In some cases we also consider the enhanced sensitivity to de-
tecting r-process lines that may be achieved by combining the sta-
tistical significance of signals from multiple separate lines. This ap-
proach is motivated by the fact that r-process isotopes are unlikely
to be produced in isolation due to the nature of their formation as
the result of mutiple subsequent neutron captures. The statistics of
multiple lines is not explicitly taken into account by equation (4),
but the details of our methodology for this case is described in Ap-
pendix A.
3 SEARCH SCENARIOS
Three search scenarios are considered, based on the two possible
astrophysical sites of the r-process: supernovae (SNe) and binary
neutron star mergers (NS mergers). The first scenario is a search
of individual normal SN remnants (§3.1), chosen based on their
youth (e.g. 1987 A), proximity (e.g. Vela Jr.), and/or planned ob-
servation by NuSTAR. The second scenario (§3.2) is a search of
Galactic magnetar SN remnants, motivated by the potentially larger
r-process yields of the magneto-rotationally driven SNe thought to
c© 2012 RAS, MNRAS 000, 1–??
4Table 2. Summary of the r-process sources considered
Name Age Distance Angular Size Reference
(yr) (kpc) (arcmin)
Vela Jr 750+8300−50 0.2
+2.7
−0.1 120 1, 2
Cas A† 320+32−4 3.4+0.2−0.1 5 1,2
SN 1987A† 26 51.0+1.8−0.6 0.5 3
SN 1006† 1007 1.7+0.5−0.1 30 1,2
G001.9+00.3† 160+60−10 8.6+0.7−0.1 1.5 1,2
3yrs 10kpc 3 10 0.5 -
1E 2259+586† 80001700−100 3.2+0.2−0.2 1.9 4,5
SGR 0501+4516 6200+1800−200 0.9
+0.3
−0.1 120 6,7
1E 1841-045 1300+200−200 7 2.1 4,5
1E 1547.0-5408 1400+400−50 3.8
+0.7
−0.1 5 8,9
AX J1845-0258 5000+3000−3000 10 1.1 5,10
CXOU J171405.7381031 1100+900−100 7
+6.7
−0.3 6 11, 12
4U 0142+61 1000+500−50 3.7
+0.3
−0.1 20 13
SGR 0526-66 6300+1000−1000 50 0.1 4,5
NS Merger 104 10 60 -
1Ferrand & Safi-Harb (2012): http://www.physics.umanitoba.ca/snr/SNRcat . 2Green
(2009): http://www.mrao.cam.ac.uk/surveys/snrs/ . 3Panagia (2003). 4Vink (2008).
5Woods & Thompson (2004). 6Leahy & Tian (2007). 7D. A. Leahy & W. W. Tian (2007).
8Gelfand & Gaensler (2007). 9Camilo et al. (2007) 10Gaensler et al. (1999) 11Horvath & Allen
(2011). 12Halpern & Gotthelf (2010). 13Tendulkar et al. (2013).
Uncertainties (±) indicate the full range from the cited references. Age values for most remnants
are calculated with respect to the year 2013, as would apply to observations by NuSTAR. Distances
and ages adopted in our baseline calculations are taken to be the lowest from the allowed range.
†Currently planned to be observed by NuSTAR (Harrison et al. 2013).
birth magnetars (Winteler et al. 2012). The third scenario is a blind
search for the line signal from the most recent Galactic binary NS
merger remnant (§3.3). Mergers are expected to produce a larger
quantity of r-process elements than SNe per event, but since their
rate is lower, the most recent remnant is likely older. Furthermore,
since the location of the remnant is unknown a priori, such a signal
can only be detected via a systematic survey of the Galactic plane.
The sources in our sample are summarized in Table 2.
For each scenario, we calculate the t-statistic tX (equation 4)
for the X-ray lines of each r-process element in our sample (Ta-
ble 1) and the resulting probability PX of distinguishing the sig-
nal flux from noise. As most of the detection probabilities PX
were very small (≪ 1) for the fiducial average flux (eq. [2]), we
then inverted tX(O) to determine the overabundance required to
achieve a detection probability PX ∼95% confidence (tX = 1.9).
An overabundance O < 1 indicates that the astrophysical source
could underproduce that element relative to the Galactic average
and LOFT/NuSTAR could still detect a signal at PX = 95% con-
fidence. For SN remnants, uncertainties in the required value of O
are dominated by the uncertainties in the remnant age t and the dis-
tance d. When the age and distance are well known (or assumed),
uncertainties in O are instead dominated by uncertainties in the r-
process fraction χ (Arlandini et al. 1999).
3.1 Normal Supernova Remnants
The photon flux for the X-ray lines from the r-process parent ele-
ments listed in Table 1 were calculated using equation (2) for sev-
eral of the most promising Galactic SN remnants as well as from
SN 1987A. We assume a Galactic SN rate R = RSN = 0.032+0.073−0.026
yr−1 (Adams et al. 2013). The SNe were selected (Table 2) pri-
marily for being young, with ages generally less than the longest
lifetime of the parent elements in Table 1. All remnants currently
planned to be observed by NuSTAR were included (Table 5 of
Harrison et al. 2013).
We also considered the possibility that a Galactic supernova
will occur and be detected in the next several years, when either
NuSTAR (this decade) or LOFT (next decade) is functional. We
consider the detected X-ray signal at t = 3 years, since this is ap-
proximately the timescale required for the ejecta to become trans-
parent to X-rays. We place the hypothetical future SN at a typical
distance of 10 kpc. An observation time T = 106 s is assumed for
each remnant.
3.2 Magnetar Supernova Remnants
It has long been speculated that magnetars achieve their strong
magnetic fields as the result of being formed with extremely short
∼ millisecond rotation periods (Thompson & Duncan 1993), al-
though the energetics of magnetar SN remnants have challenged
this model (Vink & Kuiper 2006). We consider another test of the
millisecond birth periods of magnetars based on the predicted high
r-process yields of their magneto-centrifugally driven SNe.
We calculate the fiducial r-process abundances 〈Mr〉 in the
magnetar scenario assuming a total r-process yield of Mr ≈ 6 ×
10−3 M⊙, as found by recent simulations of magneto-rotational SNe
(Winteler et al. 2012); this is equivalent to using equation (1) for
an assumed event rate R ∼ 10−4 yr−1. Our magnetar candidates
are drawn from the online database compiled by the McGill Pulsar
Group (Table 2), supplemented by the magnetar candidates to be
observed by NuSTAR (Harrison et al. 2013). If no estimates of the
magnetar age were available, then the spin down time τc = P/2 ˙P
was used as a rough age estimate; our results are relatively insensi-
tive to this assumption since the most promising nuclei have decay
times τ ≫ τc. An observation time T = 106 s is assumed for each
remnant.
3.3 Neutron Star Merger Remnant
Neutron star binary mergers (NSMs) occur in the Milky Way with
an estimated frequency of RNSM ∼ 10−4 yr−1 (Kim et al. 2004) that
is approximately ∼ 300 times lower than that of core collapse SNe.
If NS mergers are the dominant Galactic r-process source, then the
r-process mass ejected per NSM must be ∼ 300 times higher, as
follows from equation (1) by replacing RSN with RNSM. Although
this higher ejecta mass provides a potentially larger X-ray signal,
this benefit is mitigated by our ignorance of the location of the most
recent Galactic NSM and the relatively old age of the youngest
remnant, which is typically tNSM = R−1NSM ∼ 104 years.
The remnant produced by the most recent NSM should still be
well-localized within the Galaxy, provided that the NS merger itself
occurred in the Galactic plane. Mass ejected by the merger begins
to decelerate once it sweeps up its own mass worth of interstellar
matter. After this time (typically less than a year), the evolution
of the ejecta radius approaches that of a Sedov-Taylor blastwave
(Sedov 1959)
rNSM(t) ∼
(
Et2
ρ
)1/5
(5)
c© 2012 RAS, MNRAS 000, 1–??
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where E is the energy of the ejecta and ρ is the density of the
ISM. For typical values E ∼ 1051 ergs (Hotokezaka et al. 2013;
Ferna´ndez & Metzger 2013) and ρ ∼ 10−24 g cm−3, one finds
rNSM(tNSM) ∼ 20 pc, which is much less than the vertical thickness
of the Galaxy.
Since the location of the remnant is unknown, detecting its X-
ray decay signal requires a systematic search of the Galactic plane
for spectral lines of parent nuclei listed with half-lives ∼ tNSM (Ta-
ble 1). Performing such a search over a reasonable time-frame re-
quires an X-ray detector with a large FoV. Such a search is feasible
in principle with the Large Area Detector on LOFT, because its
FoV ∼ 1 deg2 (Belloni & Bozzo 2012 Table 1) is larger than the
thickness of the Galactic plane at a typical distance ∼ 10 kpc.
The second scenario we consider is thus a Galactic plane sur-
vey by LOFT for the most recent NSM (remnant age t = 104 years;
model NSM). We assume a 106 s integration per pointing, allowing
a complete search over the course of a few years.
4 RESULTS
Figures 1−6 shows the overabundance OX = Mr/〈Mr〉 required for
a P >95% (2 σ) confidence detection with NuSTAR or LOFT
for the most promising X-ray lines in a sample of the sources that
we consider. In Figures 2 and 5, the bottom two sub-panels also
show the signal flux 〈 ˙NX〉 and signal-to-noise ratio 〈 ˙NX〉/νX for the
fiducial abundance case (OX = 1). Tables 3 and 4 summarizes our
results for the most promising lines in each source for LOFT and
NuSTAR, respectively. In addition to the required overabundance
to detect individual lines OX , we also present the overabundance
required for detection by combining the expected signal of all r-
process lines in the final column. In some cases we find this can
enhance the signal (decrease the required overabundance) by al-
most an order of magnitude as compared to the most promising
individual line.
4.1 Normal Supernova Remnants
Figure 1 shows our results for the Vela Jr remnant (RX J0852.0-
4622) as observed by LOFT.3 The most promising lines for LOFT
are from 126Sn (τ = 3.3 × 105 years) at ǫX = 3.7, 4.5 and 4.1 keV;
these are detectable for overabundances OX ∼> 800, 5 × 102, and
6 × 102, respectively. These numbers are pessimistic despite the
close proximity and relatively young age of Vela Jr. because the
effective area of LOFT is sharply peaked at X-ray energies ∼< 10
keV around which there are no lines that contribute a sizable flux
from isotopes with a half-life comparable to the age of the remnant
∼ 103 years.
Figures 2 and 3 shows the required overabundance for detect-
ing r-process lines from a hypothetical young (t = 3 yrs) Galac-
tic SN with NuSTAR and LOFT, respectively. The most promising
isotope for NuSTAR is 125Sb (τ = 3.98 years), which produces sev-
eral lines between 27 and 30 keV with a relatively high production
probability ( fX ∼ 0.02 − 0.3). These lines are the most promising
because the effective area of NuSTAR is relatively high in this band
and the noise rate νX is relatively low. The daughter isotope 125Te is
3 The angular size of Vela Jr. (θ2 ∼ few deg2) is significantly larger than the
FOV of NuSTAR (Θ2 ∼ 0.04 deg2), suppressing the signal by a large factor
Θ2/θ2 ∼ 102 (§ 2.3). However, the angular size is coincidentally similar to
the FoV of LOFT.
126Sn 
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Figure 1. Required overabundance O = Mr/〈Mr〉 for a P >95% (2 σ)
confidence detection of r-process lines from the Vela Jr. remnant with LOFT
as a function of the parent nucleus. X-ray lines with superscripts indicate
line complexes within the energy resolution of the detector which have been
combined into a single line for purposes of detectability, with the individual
line energies (in keV) given as follows: (a)3.59,3.61,3.84,3.89. (b)4.35,4.60.
(c)3.93,3.98,4.10. (d)3.19,3.44,3.60. (e)26.11,26.36. ( f )3.95,4.11,.
also a relatively abundance r-process element. Despite these ideal
conditions, an overabundance ∼>2 is required for a confident detec-
tion with NuSTAR.
For LOFT the most promising isotope from the young Galac-
tic remnant is 194Os (τ = 8.7 years), which produces several lines
between 9 and 12 keV with fX ∼> 0.02. These lines are favored
because their energies overlap with the maximal effective area of
LOFT and because the daughter 194Pt is relatively abundant. Un-
like NuSTAR, LOFT has a high probability (6 σ)[5σ] of detecting
194Os from the decay line complexes at 9.2 and 10.7 keV from the
next Galactic SN remnant, even for the fiducial yield O = 1. This
can be inferred from Figure 3, which shows that O = 0.2 is re-
quired for a 2 σ detection, i.e. even an underabundance by a factor
of several as compared to the average yield per SN would produce
detectable line emission.
Figure 4 shows the same results for an observation of
SN1987A with NuSTAR. Since SN1987A is a young remnant, sev-
eral lines from 194Os (τ = 8.7 yr) with energies around 10 keV are
again prominent. However, a detection would require large O ∼> 103
overabundances, due chiefly to the large distance of 87A (≈ 50
kpc). Prospects are better for LOFT, but detection still requires a
large overabundance O ∼> 102 (Table 3).
To summarize, the most promising currently known Galactic
SN remnant is Vela Jr., for which LOFT requires an overabundance
O ∼> 80. More promising is the next Galactic SN remnant, for
which LOFT could detect the decay of 194Os with near certainty for
fiducial abundances. For older remnants 126Sn (τ = 3.3 × 105 yr) is
the most promising isotope, despite the fact that its most important
lines are at energies ∼ 25 keV above the peak in the LOFT/NuSTAR
effective area (no long-lived nuclei have lines around 10 keV). We
were also unable to identify parent nuclei with intermediate life-
times 102 yrs 6 τ 6 104 yrs with decay lines with 8 keV 6 ǫX 6 80
keV.
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Figure 2. Same as Figure 1, but for a future 3 year old Galactic SNe at a distance of 10 kpc observed by NuSTAR. The bottom sub-panels show the
signal flux 〈 ˙NX〉 and signal-to-noise ratio 〈 ˙NX〉/νX for the fiducial abundance case (O = 1). Unresolved lines have individual energies (in keV) as follows:
(a)26.88,27.20,27.40. (b)9.10,9.17. (c)10.51,10.53,10.71,10.87,10.91. (d)12.51,12.82,12.84,12.92. (e)30.94,30.99,31.24
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Figure 3. Same as Figure 1, but for a future 3 year old Galactic SNe at a
distance of 10 kpc observed by LOFT. Unresolved lines have individual en-
ergies (in keV) as follows:(a)10.51,10.53,10.71. (b)9.10,9.17. (c)10.87,10.91.
(d)3.76,3.77,4.03,4.07. (e)12.51,12.82,12.84
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Figure 4. Same as Figure 1, but for SN1987A observed by NuS-
TAR. Unresolved lines have individual energies (in keV) as follows:
(a)9.10,9.17. (b)10.51,10.53,10.71,10.87,10.91. (c)12.51,12.82,12.87,12.92.
(d)31.19,32.82. (e)27.20,27.47.( f )36.30,36.38,36.65
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Figure 5. Same as Figure 1, but for a the magnetar 1E 2259+586 as observed by LOFT. The bottom subpanels show the signal flux 〈 ˙NX〉 and signal-to-
noise ratio 〈 ˙NX〉/νX for the fiducial abundance case (O = 1). Unresolved lines have individual energies (in keV) as follows: (a)3.61,3.84,3.89. (b)4.35,4.60.
(c)3.93,3.98,4.10. (d)3.19,3.44. (e)26.11,26.36. ( f )4.09,4.11,4.40.
4.2 Magnetar Supernova Remnants
Figure 6 shows the required overabundance for detecting r-process
lines from the magnetar remnant 1E 2259+586 with LOFT, nor-
malized to the r-process yields predicted for magneto-centrifugal
supernovae. As in the case of Vela Jr., 126Sn (τ = 3.3 × 105 years)
is the most promising parent due to its long half-life, for which we
find that the 3.7 keV line complex is detectable with moderately
high confidence (∼ 3σ). A (non-)detection of such lines could thus
in principle be used to test whether this magnetar was indeed born
extremely rapidly spinning.
Several other of the magnetar remnants are similarly promis-
ing. The remnant of 1E1547.0-5408 is detectable at a similar level
to that of IE2259+586, while the other magnetar candidates re-
quire relatively modest overabundances O ∼>few to 10 for a 2σ
detection by LOFT (Table 3). Magnetar remnants are among the
most promising sources in our sample due to their combination of
(1) young ages; (2) relatively close distances; (3) large assumed r-
process yields; (4) and well-determined positions with modest an-
gular sizes.
4.3 Neutron Star Merger Remnant
Figure 6 shows the required overabundance for detecting a hypo-
thetical NS merger of age 104 years old and distance 10 kpc with
LOFT (§3.3). As in the case of Vela Jr., 126Sn (τ = 3.3 × 105 years)
is the most promising parent due to its long half-life, but an over-
abundance O ∼> 100 is required for detection. Unlike in the case of
SNe, such a large overabundance can probably be ruled out because
it would correspond to an actual ejecta mass ∼> M⊙ that greatly ex-
ceeds the amount of mass unbound following the merger of two
neutron stars (e.g. Hotokezaka et al. 2013; Ferna´ndez & Metzger
2013). A main reason that detection is so pessimistic despite the
large predicted ejecta mass in NSMs is the large background of the
entire FoV of the detector, which must be overcome to search the
entire Galactic plane.
5 DISCUSSION AND CONCLUSIONS
Building on the initial work of Qian et al. (1998), we have investi-
gated the prospects for detecting X-ray lines from the radioactive
decay of r-process isotopes from supernova and neutron star bi-
nary merger remnants with current (NuSTAR) and potential future
c© 2012 RAS, MNRAS 000, 1–??
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Figure 6. Same as Figure 1, but for a 104 year old Galactic neu-
tron star merger remnant at a distance of 10 kpc as observed by
LOFT. Unresolved lines have individual energies (in keV) as follows:
(a)3.59,3.61,3.84,3.89. (b)4.35,4.60. (c)3.93,3.98,4.10. (d)3.19,3.44,3.60.
(e)26.11,26.36. ( f )4.09,4.11,4.40.
(LOFT) X-ray satellites. Given the very low Galactic abundances
of r-process elements, producing a detectable X-ray line signal re-
quires a combination of fortuitous circumstances, including a decay
timescale comparable to the age of the system; a large decay prob-
ability for the line of interest; and that the X-ray energy be near the
peak sensitivity of the detector. Given the very large number of r-
process elements, it was hoped that one would possess all of these
desirable properties. Unfortunately, in most cases this turned out
not to be realized. The main obstacle to detection is that, although
LOFT is planned to be significantly more sensitive that NuSTAR
at energies ∼ 10 keV near its sensitivity peak, the most promis-
ing lines from the r-process occur at higher energies (e.g. ∼ 27
keV in the case of 126Sn). An ideal telescope to search for the r-
process would thus combine the high effective area of LOFT with
the spectral coverage and resolution extending to higher energies,
as characterizes NuSTAR.
We find that the detection of r-process elements in any cur-
rent Galactic SNe remnant is unlikely, unless the overabundance is
quite high, typically O ∼> 103 − 104 for NuSTAR and O ∼> 102
for LOFT (Tables 3, 4). This overabundance is defined as the ratio
of the required r-process mass in the remnant for a detection (2σ)
to the expected average quantity per SN assuming that SN indeed
contribute the bulk of the Galactic r-process. The most promising
known SN remnant is Vela Jr. (Fig. 1), for which an overabundance
O ∼> 80 relative to the expected average yield per SN is required
for detection by LOFT. These required overabundances may be re-
duced by a factor of a few due to the enhanced sensitivity achieved
by combining the signal from multiple r-process lines (Appendix
A1; see final column of Tables 3, 4).
Although an overabundance O ∼> 100 is high compared to
those expected in the normal proto-neutron star winds from core
collapse SNe, much higher r-process yields are possible in the
case of magneto-centrifugally driven explosions (e.g. Metzger et al.
2008; Ono et al. 2012; Winteler et al. 2012). It is thought that the
rapidly rotating neutron stars produced by such events may be the
progenitors of Galactic magnetars (Thompson & Duncan 1993),
but there is currently no direct proof of this hypothesis. Motivated
thus, we also considered the prospects for detecting r-process lines
from the SN remnants of Galactic magnetar, under the assumption
of r-process yields similar to those predicted by current models of
magneto-centrifugally driven SNe (Winteler et al. 2012).
We find that several overlapping lines of 126Sn in the energy
range ∼ 3.6−3.9 keV are potentially detectable at 3σ confidence for
the magnetar remnants 1E1547.0-5408 and 1E2259+586 by LOFT
(Fig. 5 and Table 3). Thus, the (non-)detection of such r-process
lines in magnetar remnants by future X-ray telescopes could be
used to (indirectly) constrain the birth periods of the magnetars.
If such lines are detected, the millisecond birth period of the mag-
netar in question would be confirmed, since otherwise such high
r-process abundances could not be achieved. Constraining upper
limits on such emission would, on the other hand, indicate that the
magnetar was not created in a magneto-rotational SNe, assuming
that the nucleosynthetic yields predicted by current simulations are
accurate (Winteler et al. 2012). Due to our simplified nature of our
statistical analysis, and the neglect of possible astrophysical back-
grounds, additional work is required on a system by system basis
to determine what remnants are the most promising to observe and
apply this test.
Mass ejected following the binary merger of two neutron stars
produced similarly high r-process yield as magneto-rotational SNe,
which motivated us to consider whether X-ray line emission could
be detectable from the most recent Galactic NS merger remnant
(age t ∼ 104 yrs). However, our lack of knowledge of the location
of the most recent merger demands that such a search take the form
of a systematic survey of the Galactic plane with a wide FoV tele-
scope such as LOFT. The much larger background signal across
the whole FoV of LOFT makes detection unlikely (Figs. 6). Future
information on the location of the most recent merger site would
substantially improve the prospects of detection by reducing this
background, although it is unclear at present how such information
could be obtained. A more promising way to probe the contribu-
tion of binary NS merger to the r-process is via the direct detec-
tion of their decay-powered IR/optical counterparts (‘kilonovae’;
e.g. Metzger et al. 2010), as is possible with a search triggered by
the detection of a gamma-ray burst (Berger et al. 2013; Tanvir et al.
2013) or, eventually, a gravitational wave chirp.
Finally, if a supernova were to occur within our Galaxy when
NuSTAR and/or LOFT is functional, we find that a 106 second ob-
servation by either could potentially detect r-process lines, even
assuming r-process yields similar to their average yield per super-
nova (Figs. 2, 3). This provides a relatively clean probe of whether
average core collapse SNe are indeed a significant r-process source.
We again emphasize that our analysis does not account for intrin-
sic astrophysical noise, such as the luminous X-ray continuum that
accompany some young SN remnants (e.g. SN1987A). Additional
work is necessary to quantify how a realistic background might hin-
der extraction of the line signal over the estimates provided here.
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Table 3. Detectability of r-process lines in SN/NSM remnants by LOFT
Source Parent(a) ǫX (b) 〈 ˙NX 〉AX (c) νX AX (d) OX (e) O( f )
(keV) (s−1) (s−1)
Vela Jr 27
126Sn 3.7* 1.64 × 10−4 16.0 84
126Sn 4.5* 2.51 × 10−5 22.1 4.9 × 102
126Sn 4.1* 2.12 × 10−5 24.4 6.1 × 102
Cas A 1.5 × 102
126Sn 3.7* 2.42 × 10−6 0.111 3.6 × 102
126Sn 4.5* 3.69 × 10−7 0.154 2.8 × 103
126Sn 4.1* 3.12 × 10−7 0.170 3.5 × 103
SN 1987A 1.4 × 102
194Os 10.7* 3.28 × 10−6 6.48 × 10−2 2.0 × 102
194Os 9.2* 2.56 × 10−6 7.58 × 10−2 2.8 × 102
194Os 10.9* 5.82 × 10−7 6.35 × 10−2 1.1 × 103
SN 1006 2.1 × 102
126Sn 3.7* 1.03 × 10−5 4.00 5.1 × 102
126Sn 4.5* 1.57 × 10−6 5.53 3.9 × 103
126Sn 4.1* 1.32 × 10−6 6.10 4.9 × 103
G001.9+00.3 8.2 × 102
126Sn 3.7* 3.65 × 10−7 1.11 × 10−1 2.4 × 103
137Cs 4.5* 2.67 × 10−7 1.56 × 10−1 3.9 × 103
137Cs 4.9* 2.42 × 10−7 1.42 × 10−1 4.1 × 103
3yrs, 10kpc 0.2
194Os 10.7* 3.95 × 10−3 6.48 × 10−2 0.20
194Os 9.2* 3.08 × 10−3 7.58 × 10−2 0.20
194Os 10.9* 6.99 × 10−4 6.35 × 10−2 1.0
1E 2259+586 0.50
126Sn 3.7* 8.50 × 10−4 0.111 1.0
126Sn 4.5* 1.30 × 10−4 0.154 7.9
126Sn 4.1* 1.10 × 10−4 0.170 9.8
SGR 0501+4516 1.5
126Sn 3.7* 3.01 × 10−3 16.0 3.5
126Sn 4.5* 4.60 × 10−4 22.1 27
126Sn 4.1* 3.89 × 10−4 24.4 34
1E 1841-045 2.3
126Sn 3.7* 1.61 × 10−4 0.111 5.4
126Sn 4.5* 2.45 × 10−5 0.154 42
126Sn 4.1* 2.07 × 10−5 0.170 53
1E 1547.0-5408 0.70
126Sn 3.7* 5.75 × 10−4 0.111 1.5
126Sn 4.5* 8.77 × 10−5 0.154 12
126Sn 4.1* 7.41 × 10−5 0.170 15
AX J1845-0258 4.8
126Sn 3.7* 7.75 × 10−5 0.111 12
126Sn 4.5* 1.18 × 10−5 0.154 87
126Sn 4.1* 9.99 × 10−6 0.170 1.1 × 102
4U 0142+61 2.4
126Sn 3.7* 6.08 × 10−4 1.78 5.7
126Sn 4.5* 9.28 × 10−5 2.46 45
126Sn 4.1* 7.85 × 10−5 2.71 55
CXOU J171405.7-381031 2.7
126Sn 3.7* 1.61 × 10−4 0.160 6.5
126Sn 4.5* 2.45 × 10−5 0.221 51
126Sn 4.1* 2.07 × 10−5 0.244 63
SGR 0526-66 1.2 × 102
126Sn 3.7* 3.08 × 10−6 0.111 2.8 × 102
126Sn 4.5* 4.70 × 10−7 0.154 2.2 × 103
126Sn 4.1* 3.97 × 10−7 0.170 2.7 × 103
NS Merger 55
126Sn 3.7* 8.42 × 10−5 16.0 1.2 × 102
126Sn 4.5* 1.28 × 10−5 22.1 9.6 × 102
126Sn 4.1* 1.09 × 10−5 24.4 1.2 × 103
(a) see Table 1 for the daughter isotope. (b)decay line energy. (c)fiducial flux of decay line photons
(eq. 2) multiplied by the detector effective area at the energy ǫX . (d)detector noise multiplied by
the detector effective area at energy ǫX . (e)Overabundance needed to achieve P = 0.95 detection
confidence for specific line. ( f )Overabundance needed to achieve P = 0.95 detection confidence
by combining all lines (Appendix A). *average of overlapping lines within spectral resolution of
LOFT.(g)
Table 4. Detectability of r-process lines in SN/NSM remnants by NuSTAR
Source Parent(a) ǫX (b) 〈 ˙NX 〉AX (c) νX AX (d) OX (e) O( f )
(keV) (s−1) (s−1 )
Vela Jr 5.4 × 103
126Sn 26.3* 6.40 × 10−8 0.150 1.6 × 104
126Sn 64.3 8.47 × 10−9 3.00 × 10−2 5.4 × 104
126Sn 23.3* 1.72 × 10−8 0.150 5.9 × 104
Cas A 5.1 × 103
126Sn 26.3* 3.39 × 10−8 3.75 × 10−2 1.5 × 104
126Sn 64.3 4.49 × 10−9 7.50 × 10−3 5.1 × 104
126Sn 23.3* 9.11 × 10−9 3.75 × 10−2 5.6 × 104
SN 1987A 1.7 × 103
194Os 9.2* 2.59 × 10−8 1.00 × 10−3 3.3 × 103
194Os 10.7* 1.16 × 10−8 3.00 × 10−4 4.1 × 103
194Cs 12.8* 6.65 × 10−9 2.50 × 10−4 6.5 × 103
SN 1006 2.2 × 104
126Sn 26.3* 1.60 × 10−8 0.150 6.4 × 104
126Sn 64.3 2.11 × 10−9 3.00 × 10−2 2.2 × 105
126Sn 23.3* 4.29 × 10−9 0.150 2.4 × 105
G001.9+00.3 8.3 × 103
126Sn 26.3* 5.12 × 10−9 3.37 × 10−3 3.0 × 104
137Cs 32.1* 3.87 × 10−9 2.25 × 10−3 3.2 × 104
137Cs 36.4* 6.89 × 10−10 6.75 × 10−4 1.0 × 105
3yrs, 10kpc 0.90
125Sb 27.4* 3.14 × 10−5 3.75 × 10−4 1.7
125Sb 19.9* 3.12 × 10−5 1.00 × 10−3 2.7
194Os 9.2* 1.39 × 10−5 3.00 × 10−4 4.4
1E 2259+586 5.8
126Sn 26.3* 1.19 × 10−5 5.42 × 10−3 20
126Sn 23.3* 3.20 × 10−6 5.42 × 10−3 70
126Sn 29.8* 2.41 × 10−6 1.08 × 10−2 1.2 × 102
SGR 0501+4516 3.0 × 102
126Sn 26.3* 1.17 × 10−6 0.150 8.7 × 102
126Sn 23.3* 3.15 × 10−7 0.150 3.3 × 103
126Sn 64.3 1.55 × 10−7 3.00 × 10−2 3.0 × 103
1E 1841-045 33
126Sn 26.3* 2.25 × 10−6 6.62 × 10−3 1.0 × 102
126Sn 23.3* 6.05 × 10−7 6.62 × 10−3 3.6 × 102
126Sn 29.8* 4.56 × 10−7 1.32 × 10−2 6.7 × 102
1E 1547.0-5408 22
126Sn 26.3* 8.06 × 10−6 3.75 × 10−2 70
126Sn 23.3* 2.16 × 10−6 3.75 × 10−2 2.4 × 102
126Sn 29.8* 1.63 × 10−6 7.50 × 10−2 4.4 × 102
AX J1845-0258 38
126Sn 26.3* 1.09 × 10−6 1.95 × 10−3 1.1 × 102
126Sn 23.3* 2.92 × 10−7 1.95 × 10−3 4.1 × 102
126Sn 29.8* 2.20 × 10−7 3.90 × 10−3 7.6 × 102
4U 0142+61 1.6 × 102
126Sn 26.3* 2.13 × 10−6 0.150 4.8 × 102
126Sn 23.3* 5.73 × 10−7 0.150 1.8 × 103
126Sn 64.3 2.82 × 10−7 3.00 × 10−2 1.7 × 103
CXOU J171405.7-381031 93
126Sn 26.3* 2.26 × 10−6 5.40 × 10−2 2.8 × 102
126Sn 23.3* 6.06 × 10−7 5.40 × 10−2 1.1 × 103
126Sn 29.8* 4.57 × 10−7 0.108 1.9 × 103
SGR 0526-66 4.3 × 102
126Sn 26.3* 4.32 × 10−8 3.75 × 10−4 1.3 × 103
126Sn 23.3* 1.16 × 10−8 3.75 × 10−4 4.6 × 103
126Sn 29.8* 8.75 × 10−9 7.50 × 10−4 8.4 × 103
NS Merger 1.1 × 104
126Sn 26.3* 3.28 × 10−8 1.50 × 10−1 3.1 × 104
126Sn 64.3 4.34 × 10−9 3.00 × 10−2 1.0 × 105
126Sn 23.3* 8.81 × 10−9 1.50 × 10−1 1.2 × 105
Same as Table 3, but for NuSTAR instead of LOFT.
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Is it reasonable to expect a Galactic SNe during the lifetime of
NuSTAR or the next generation of X-ray telescopes such as LOFT?
The galactic SNe rate range up to 10 per century, and there is a
50% probability that the next SN will occur within 10 kpc of Earth
(Adams et al. 2013). Modeling the occurrence of SNe as a Poisson
process gives the approximate probability of at least one new SN
occurring in the next t years within 10 kpc as:
P(n > 1) ≃ 1 − e−t/20 (6)
Since NuSTAR may be operational as late as 2022 (Harrison et al.
2013) the probability of a nearby core collapse event during its op-
erational lifetime is ∼26% (assuming a 3 year window for the SN
ejecta to become transparent). Assuming LOFT has a similar life-
time (∼ 10 years) as NuSTAR, the probability that LOFT will be
operational during the next SN is ∼30%.
In conclusion, X-ray decay lines represent a potentially pow-
erful probe of the origin of r-process nuclei and the birth period
of magnetars. This scientific opportunity also provides an addi-
tional motivation for the next generation of X-ray satellites. The
very low expected fluxes will require, however, carefully planned
observations to enhance signal and minimize background, and a
well-defined statistical criteria for detection, based on the expected
yield of r-process nuclei and their decay channels. The results of
this paper provide a framework and motivation for the additional
work that will be necessary to perform such a test using data from
actual remnants.
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APPENDIX A: T-STATISTIC FOR ASSESSING LINE
SENSITIVITY
A rough approximation for the signal to noise level required for a
statistically significant detection of an r-process X-ray decay line
can be developed using Student’s t-test (James 2006):
t =
¯X − µ√
σ2X
NX
+
σ2µ
Nµ
(A1)
where ¯X and σX are the measured mean and standard deviation,
and NX is the number of trials of the measurement performed. Here
µ and σµ are the expected (null hypothesis) means and standard
deviation for Nµ trials.
We apply the t-statistic to the detection of X-ray decay photons
by making the following associations
N =
T
∆t
¯X = σ2X = ( ˙NX + νX )∆tAX
µ = σ2µ = νX∆tAX ,
(A2)
where ∆t is the time resolution of the detector, N = T/∆t is the
number of data points collected (”degrees of freedom”) over the
total time T of the observations, µX is the average background rate
per unit time per unit area in the frequency bin X; and ˙NX is the rate
of signal photons (eq. [2]).
As the distribution of signal and noise photons are assumed
to follow a Poisson distribution, the probability of the detector reg-
istering two photons simultaneously at the energy X and effective
area AX is
P(n > 2) = AX(1 − (1 + λ)e−λ) (A3)
where λ = ( ˙NX + νX)∆t. Typical values for the variables in equation
A3 are AX ≈ 104 cm2, ˙NX + νX 6 1cts/sec cm2, and ∆t = 10µs, so
an upper limit of the probability of a double photon count in any
measurement during one time bin is approximately ∼ 10−7. Thus,
the assumption that of only single photon is measured during each
time interval is valid. The t-test (equation A1) then reduces to:
tX =
˙NX
√
AXT√
˙NX + 2νX
(A4)
For N → ∞ (∆t ≪ T ), a t value exceeding 1.9 corresponds to a
2σ confidence that the measurement can be distinguished from the
null, which in this case is pure noise.
A1 Increasing detection sensitivity by combining the signal
of multiple r-process lines
Even if the probability of detecting individual X-ray lines from r-
process elements for a given source is very small, a greater sensi-
tivity could be achieved by simultaneously searching for multiple
lines, either from the same isotope or from different isotopes pro-
duced in coincidence.
Let the confidence of detecting an anomalous signal at energy
ǫXn with flux ˙NXn above the noise be CXn (this confidence is deter-
mined from its t-statistic tXn calculated according to eq. [4]). If no
r-process parent nuclei in fact produced such decay lines with X-
ray energies ǫX1 , ..., ǫXN , then the probability of detecting all of these
lines, each with a flux greater than the mean background noise νXn ,
is given by
C =
N∏
n=1
CXn (A5)
As each CXn 6 1, the confidence for the random detection of an
r-process site being falsely discovered goes down as the number of
possible detection lines increases. The probability P that the total
number of lines not being due to random fluctuations is then:
P = (1 − C ) =
1 −
N∏
n=1
CXn
 (A6)
This total probability P thus quantifies the likelihood that r-
process nucleosynthesis (considered as a whole) occurred in the
astrophysical site under observation. The required over abundance
for a 2σ confidence detection O is shown in the final column Ta-
bles 3 and 4, which can be lower by up to an order of magnitude as
compared to that required based on the best individual X-ray lines.
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